This study demonstrates that logP oct-tol (difference between logPoctanol and logPtoluene) describes compounds propensity to form intramolecular hydrogen bonds (IMHB) and may be considered a privileged molecular descriptor for use in drug discovery and for prediction of IMHB in drug candidates.
INTRODUCTION
The incorporation of an intramolecular hydrogen bond (IMHB) into a molecule is gaining a great deal of interest in drug design as indicated by the number of papers recently published in key Medicinal Chemistry journals. [1] [2] [3] [4] [5] The presence of IMHB has been shown to significantly alter molecular properties due to formation of various conformers that in turn influence solubility, permeability, PK/ PD processes, and protein binding affinity. [6] [7] [8] [9] The IMHB as described by Desiraju 10 is an attractive interaction in which an electropositive hydrogen atom intercedes between two electronegative fragments of the same molecule and holds them together. A hydrogen bond is strong enough to restrict rotation of fragments by forming most commonly 5-8 membered rings. Importantly, IMHBs are weak enough to allow these fragments to come apart and lose their orientational specificity in high dielectric media such as water. The chameleon like nature of an IMHB becomes apparent when one realizes that in water an IMHB is unlikely to form and the polar groups may serve to increase solubility by readily forming intermolecular hydrogen bonds with water. Alternatively, molecules that can participate in IMHB shed water more readily when entering a low dielectric environment like a hydrophobic phospholipid bilayer. In this circumstance IMHB results in lipophilic, less polar molecular conformations which are expected to have higher passive membrane permeability. 11 In other words, a decrease in polarity is sometimes achieved through the formation of IMHBs, where the hydrogen bond donor (HBD) and acceptor (HBA) atoms are effectively shielded from water, thereby reducing the energetic penalty of desolvation required in moving from an aqueous environment through a phospholipid bilayer. 4 The consequences of IMHBs to medicinal chemists are significant but often under-recognized and seldom predicted. For instance, lipophilicity may be underestimated when determined by calculated logP (clogP) in molecules with IMHBs, while hydrogen bond donor and acceptor counts are overestimated. Additionally, clogP, as well as hydrogen bond donor and acceptor counts, are part of the ubiquitous Ro5 parameters 12 , used to predict drug like properties and permeability. When IMHB are present these Ro5 counts can be effectively stretched, broadening drug like property space allowing more diverse drug design. 9, 13 Likewise preferred property space for Central Nervous System (CNS) drugs may be extended when IMHB are present, as hydrogen bond donor count and clogP are both parameters in the CNS Multi-Parameter Optimization (CNS MPO) score. 14 In support of this notion it was also found that logP oct-alk correlates with brain penetration and oral absorption. 15, 16 Recent systematic work incorporating IMHB considerations in drug design has been published by Kuhn and coworkers. 17 On the basis of pioneering work by Etter 18 and Bilton 19 and exhaustive searches of crystal structure databases, they derived propensities for IMHB formation of five-to eight-membered ring systems of relevance in drug discovery. The influence of IMHB on solubility, lipophilicity in octanol/water and permeability was also highlighted.
Unfortunately, one cannot simply examine a given 2D structure and immediately delineate the presence of one or more IMHBs and determine their strength because the thermodynamic equilibrium of closed versus open conformations depend on a number of complex factors (e.g.
geometry, type of solvent and others) 20 acting simultaneously. The most common tools used to investigate IMHBs are spectroscopy (NMR, infrared and Raman, microwave), diffraction (X-ray and neutron diffraction), calorimetry and theoretical methods. 21 However, many of these techniques are not high throughput and data produced often require detailed interpretation by experts. These issues lead us to look for additional methods.
LogP is one of the most widely used parameters in drug design and it has been considered for evaluation of IMHB 8, 22, 23 . It has been demonstrated using solvatochromic equations that the difference between logP values obtained in different biphasic systems (logP), for example octanol/water and alkane/water (logP oct-alk = logP oct -logP alk ), is informative of IMHB when the solvents are very different from each other. 24 More on differences in logP systems is given in Supporting Information (Annex S1, S3).
The idea that logP oct-alk is informative of IMHB and the reports that logP oct-alk correlates with brain penetration and oral absorbtion 15, 16 lead us to explore logP oct-tol (logP oct-tol = logP octlogP tol . [25] [26] [27] [28] [29] The investigation of IMHB by logP was proposed some time ago 30 , however this approach was not widely implemented mainly because the practical tools, both experimental and theoretical, to obtain logP alk data for large series of compounds were limited.
The main goal of this study is to demonstrate that logP oct-tol (logP oct-tol = logP oct -logP tol )
distinguishes compounds with high propensity to form IMHB and to develop a protocol for its implementation in active Medicinal Chemistry projects where series of similar compounds are often available for relative comparisons.
In order to achieve this goal we needed to address three subgoals. The first subgoal was to identify experimental methods that provide reliable logP oct-tol for large series of compounds. To accomplish this we used an ad hoc dataset of commercially obtained compounds representing many prevalent IMHB motifs and used miniaturized shake-flask and HPLC methods to acquire the individual logP oct and logP tol values.
The second subgoal of the study was to validate logP oct-tol calculations where the molecular 3D structure is considered since it strongly influences the formation of IMHBs. We used the computational software COSMOtherm. The choice of COSMOtherm among a plethora of free and commercial computational tools available today for logP/logD calculations 31 was justified by two reasons: 1) unlike most logP calculators it uses the three dimensional structure of the molecules [32] [33] [34] and 2) COSMOtherm allows calculation of logP values in non octanol/water systems.
Furthermore, COSMOtherm is the only commercial a priori (not restricted by the availability of experimental data) method 35 available today.
and calculated logP oct-tol data with an independent technique such as relative 1 H NMR chemical shifts.
RESULTS AND DISCUSSION

DATASET SELECTION
The set of 24 compounds and controls, shown in Figure 1 , was created following the topologies identified by Kuhn et al. 17 in their systematic study of IMHB based on the analysis of the Cambridge Structures Database (CSD). It was observed in their study that 6-and 7-member IMHB ring systems are, by far, the most prevalent motifs in Medicinal Chemistry. In our study we used the numbered commercial compounds that contain several of the topologies described by Kuhn et al.
and compared them with similar lettered compounds (controls) that are unable to form IMHB. We attempted to have simple test structures with one possible IMHB.
In addition, the following aspects were taken into consideration while building the dataset to facilitate logP determination: solubility, ionization state, UV detection and commercial availability. Experimental logP values (SF_logP in Table 1 ) were obtained in the presence of DMSO (up to 10% total volume) in the solution, which assisted solubility while also mimicking a widely accepted practice of using DMSO stock solutions in high throughput assays in drug discovery programs, including logP/D measurements [36] [37] [38] [39] . As a result, experimental ΔlogP oct-tol data (SF_logP in Table 1 ) were obtained for most of the molecules in the dataset. More information about the influence of DMSO on logP is given in the Supporting Information (Annex S2).
Theoretical lipophilicity values used in Table 1 (Fig. 2D ) is 0.29, which is slightly better than in each system separately, probably due to cancelling out of the DMSO effect. More details about the cross validation strategy [42] [43] [44] are given in the Supporting Information (Annex S2). As discussed earlier, it is assumed that toluene, similar to apolar solvents, promotes folded conformations and formation of IMHB when possible, whereas the reverse is true for molecules in water and, to a lesser degree, in octanol. Therefore, the difference between logP oct and logP tol (i.e.
logP) should reflect the propensity of a compound to form IMHB. The logP value by itself does not indicate the formation of IMHB. However, trends are observed if comparisons made in a pairwise fashion for compounds in a series capable of forming IMHB (samples) and not capable of IMHB (controls). In particular, the comparative analysis of logP oct-tol in Table 1 reveals two possible situations:
 logP oct-tol of the control is > (larger) than logP oct-tol of the sample -Category I  logP oct-tol of the control is < (smaller) than logP oct-tol of the sample -Category II
The first situation (Category I), when logP oct-tol of control is larger than that for the sample, is found in the following matched groups: 1 and Control A; 8 and Control C2; 10, 11 and Control D;
15, 16 and Control F. In these groups the sample prefers toluene to octanol when compared with the control, presumably because of significant amounts of folded conformers with a high propensity to form IMHB.
The second situation (Category II), when the logP oct-tol of the control is lower than logP oct-tol of the sample, is found for the following groups: 6 and Control B; 12 and Control E1, for 13 and Control E2, for 18 and Control H and 19 and Control I. In these groups the sample prefers octanol to toluene, probably, due to a significant presence of extended conformers. This suggests that either the sample has a poor propensity to form IMHBs or the IMHB has a poor relevance to logP oct-tol .
The influence of the experimental error associated with measured logP oct-tol value (+0.2 ; the error bars shown in Fig.2D ) has to be considered in categorization of results. Apparently, in that "binning" categorization scheme, the consequence of the error is most significant for compounds with a small difference between logP of Sample and Control. Therefore, the classification threshold is defined by the error and the difference in logP has to be higher than 0. The IMHB interpretation scheme was further supported by a closer inspection of the properties of the molecular conformers generated using COSMOS-RS. The example of conformers for compounds 1 (Category I, high propensity to form IMHB) and 18 (Category II, low propensity to form IMHB) are visualized in Figure 3 . The conformer 1_1 (top left in Figure 3 ) forms IMHB in any solvent (populated about 100% as evaluated in water, octanol and toluene) and contributes most largely more hydrophilic than the closed conformers.
The three most populated conformers of 18 (18_1, 18_2, 18_3 in Figure 4 ) may or may not form IMHB. They show similar logP oct values and their difference in logP tol is less important than that found for compound 1.
Figure 3. Examples of COSMO-RS results for conformations of compounds 1 (Category I, high propensity to form IMHB) and 18 (Category II, low propensity to form IMHB). The relative conformer populations in water (w), wet octanol (o) and toluene (t) are shown. For each conformer logP oct and logP tol were calculated ignoring all other conformations.
These examples demonstrate that in contrast to 2D logP calculation methods, COSMO-RS gives a detailed view of conformational variability and supports that the presence of folded conformers lowers logP value (1_1 and 18_3). As a consequence the comparison between logP of the sample and its control helps substantiate the propensity of the test molecules to form IMHB.
This approach was applied to logP data available from the literature in cyclohexane/water 25 and 1,2-dichloroethane/water systems 29, 45 and it revealed the same trends; data shown in Supporting Information (Annex S3).
IMHB verification by NMR and crystallographic data
To validate the IMHB interpretation scheme based on logP data, we set out to determine the relative 1 H NMR chemical shift of an exchangeable proton at a single temperature. Generally, an exchangeable proton that is hydrogen bonded will be more deshielded (higher chemical shift value)
than a similar exchangeable proton that is not hydrogen bonded. As a consequence, and in analogy with logP analysis, it requires a comparative analysis between two compounds (sample and control) within the same chemical series in order to evaluate the propensity to form IMHB using the NMR 1 H chemical shift data of the exchangeable protons. 46 can be found in the Supporting Information (Annex S4).
In order to examine logP and NMR data for trends, the differentials between logP and  CDCl 3
values for "samples" and "controls" are calculated (Table 2 ) and graphically presented in Fig.4, A and B, respectively. Furthermore, the frequency of hydrogen bond occurrences associated with each topology, %HB, as defined by Kunh and coworkers 17, is much higher for molecules we identified as having higher propensity to IMHB (Category I), than for structures with poor propensity to IMHB (Category II ).
Figure 4. COSMO-RS ΔlogP vs. NMR chemical shift trends demonstrated on differentials between values for sample and control. A) COSMO-RS (ΔlogPcontrol -ΔlogPsample); B) δ CDCl
The crystallographic structures of compounds 9 and 12 were retrieved from the CSD (accessed on and 12 are 93.5% and 18%, respectively. This suggests that 9 ( Figure 1 ) has high propensity to form IMHB not only in the solid state, but also in solution. The reverse is true for 12 which is expected to have poor propensity to form IMHB in solution. In our studies, no experimental logP data could be determined for 9, while calculated logP values are in line with category I compounds (high propensity to form IMHB). The experimental logP and NMR data for 12 enabled its classification in category II (low propensity to form IMHB). These findings demonstrate differences in the formation of IMHB in solid state and liquid environments.
The nature of the division into Category I and II should be studied further for the purpose of identifying structures with high propensity to IMHB.
CONCLUSIONS
In this work ΔlogP oct-tol was used to evaluate the propensity of compounds to form IMHB. In particular we propose an IMHB interpretation scheme that enables categorization of compounds in two categories  logP oct-tol of the control is > (larger) than logP oct-tol of the sample -Category I  logP oct-tol of the control is < (smaller) than logP oct-tol of the sample -Category II where compounds with high propensity to IMHB fall into Category I and compounds with poor propensity to IMHB fall into Category II.
This approach could be applied in early discovery projects using fast shake flask logP oct-tol measurements from DMSO solutions using small quantities of compound. Furthermore, we suggest that calculated values can be used prospectively on virtual compounds within a series to evaluate IMHB and potentially stretch the druggability mnemonics Ro5 and CNS MPO score to include more diverse structures.
Furthermore, it was observed that:
1. Determination of the IMHB presence requires analysis of data obtained in the same matrix environment on structures capable and not capable of IMHB.
2. logP oct-tol calculations by COSMOtherm provided good estimation of logP values and could be applied for the IMHB interpretation on virtual compounds, including "ideal"
virtual controls, as they need not be made or tested experimentally. That approach is especially attractive in case of prospective design of IMHB and on compounds not lending themselves to experimental studies by NMR or logP due to solubility or other issues.
3. The frequency of hydrogen bond occurrences associated with each topology, %hb, as defined by Kuhn and coworkers 17 is much higher for molecules we identified as having higher propensity to IMHB (Category I), than for structures with poor propensity to IMHB (Category II ).
design for optimization of physical chemical properties, as a privileged molecular descriptor for delineating the propensity of compounds to form IMHB.
EXPERIMENTAL SECTION
MATERIALS
All compounds were obtained commercially from Sigma-Aldrich (#,1 
Partitioning and Quantitation
The plates were sealed, vortexed, and centrifuged to aid in phase settling.
The equimolar nitrogen response of the chemiluminescent nitrogen detector was calibrated using standards which span the dynamic range of the instrument, from 0.08 to 4500µg/mL nitrogen. The ADW is used to withdraw aliquots from both the top and bottom phases in each system. These aliquots were quantified using the calibration curve and the logarithm of the ratio of the concentration in the top phase to the concentration in the bottom phase is calculated as logP.
Quantification limits in compound detection in one of the phases, which is general limitation of shake-flask method for logP values above 3.0 or below -3.0, were found. In our set the concentration of compounds 6, 8 and control A in the aqueous phase was near or below the quantification limit in both octanol/water and toluene/water systems, and therefore, an accurate logP oct or logP tol could not be determined for these compounds. 
ElogD
NMR
Samples were prepared at 250uM, 150uM or 100uM directly in NMR solvent and 1 H spectra were collected every 5 K over a 35K range. Temperature range of 280 K to 315K was used for CDCl 3 and a temperature range of 300K to 335K was used for DMSO-d 6 . Spectra were collected on a Bruker 600MHz equipped with a 5mm inverse TCI cryoprobe or a Bruker 500MHz spectrometer with a 5mm SmartProbe; both with a BVT3200 temperature control unit and BCU-05 cooling unit.
Temperature was equilibrated within 0.1K for 10-15 minutes prior to each experiment. The solvent peak was used as reference. CDCl 3 was treated with base immediately prior to analysis to remove residual acid. James Bradow for the analysis and purification of compound#9. We also grateful to Mrs. Aimee 
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COSMO-RS calculations
